This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. 
SIRT4 Prevents Hypoxia-Induced Apoptosis in H9c2 Cardiomyoblast Cells

Introduction
Cardiovascular disease is becoming a major cause of death, accounting for more than one third of global morbidity. The adult cardiomyocyte is not capable of cell proliferation [1] . In fact, significant loss of cardiomyocytes by apoptosis is an important pathogenic feature of a variety of cardiovascular diseases, including heart failure, myocardial ischemia and infarction [2] .
Hypoxia is able to affect the extent of cell injury and death during acute and chronic myocardial ischemia and infarction [3] . It triggers mitochondrial permeability, and triggers apoptosis in cardiomyocytes, endothelial cells and vascular smooth muscle cells. Increasing evidences have shown that hypoxia results in cell apoptosis, through a mitochondrial dependent process involving release of cytochrome c, activation of caspase 9 and subsequent cleavage and activation of downstream, effector caspases [4, 5] , suggesting that mitochondria plays a central role in the regulation of hypoxia-induced apoptosis.
Sirtuins are NAD-dependent deactylases that have homology to the yeast Sir2 protein. To date, seven homologs are reported expressed in mammalian cell. SIRT1 localizes primarily in the nucleus along with SIRT6 and SIRT7. SIRT2 is in the cytoplasm whereas SIRT3, SIRT4, and SIRT5 are localized in the mitochondria [6, 7] . Of these mitochondrial sirtuins, SIRT4 is found to be specifically enriched in the heart, kidney, brain, and liver. SIRT4 does not have NAD + -dependent deacetylase activity, which is significantly different from other sirtuins, but functions as an efficient ADP-ribosyltransferase on histones and bovine serum albumin [8] . SIRT4 has been implicated in the regulation of insulin secretion by modulation of glutamate dehydrogenase. Furthermore, SIRT4 inhibition increases fat oxidative capacity in liver and mitochondrial function in muscle [9] [10] [11] . There evidences suggest that SIRT4 level is tightly associated with metabolism status. Significant change in SIRT4 expression could affect cell viability, even result in cellular apoptosis. To date, there is still no report about the direct role of SIRT4 in hypoxia-induced cardiomyocyte apoptosis.
In the present study, therefore, we investigated the role of SIRT4 in the survival of H9c2 cardiomyoblast cells against hypoxia stimulus as well as the underlying mechanism. We found that SIRT4 exerts cardioprotection against hypoxia-induced apoptosis. The inhibition of caspase activation and Bax translocation plays an important role in mediating the antiapoptotic effect of SIRT4.
Materials and Methods
Cell culture and transfection
H9c2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum. For SIRT4 silencing experiment, the transfection of H9c2 cells were done using four siRNA duplexes directed at different regions of SIRT4 or scrambled siRNA pool purchased from Dharmacon (Lafayette, CO). For SIRT4 overexpression experiment, H9c2 cells were transfected with SIRT4 plasmid or vector plasmid. All transient transfection was performed by using lipofectamine 2000 according to the manufacturer's protocol (Invitrogen). H9c2 cells were incubated in DMEM medium without antibiotics for 24 h before transfection to enhance the transfection efficiency.
Establishment of hypoxic culture condition
H9c2 cells were grown to the desired confluence and then transferred to an air tight Plexiglas hypoxic chamber in glucose-free medium containing 2% Oxyrase. Establishment of environmental hypoxic conditions (< 1%) was achieved by continuously flushing the chamber with a water saturated mixture of 5% CO 2 and 95% N 2 . Maintenance of the desired O 2 concentration was constantly monitored during incubation using a microprocessor-based oxygen sensor.
Real-time PCR analysis
The relative levels of SIRT4 mRNA were quantified by using real-time PCR. Briefly, the converted cDNA samples (2 μl) were amplified in a final volume of 25 μl using SYBR Green Master Mix reagent (Applied Biosystems) in the ABI Prism 7500 sequence detection system. Melting curve analysis was performed using Dissociation Curves soft-ware (Applied Biosystems) to ensure that only a single product was amplified. The specificity of the reactions was confirmed by 2% agarose gel electrophoresis. Results were obtained using ABI Prism sequence detection software and evaluated using Excel (Microsoft).
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Western blot Cells were lysed with a lysis buffer (50 mM Tris, 50 mM KCl, 20 mM NaF, 1 mM Na 3 VO 4 , 10 mM ethylenediaminetetraacetic acid (EDTA), 1% NP-40, 10 mM nicotinamide, 1 mM TSA, 1 mM phenylmethanesulphonylfluoride (PMSF), 5 µg mL -1 leupeptin, pH 8.0). Western blot experiments were done after the specific treatment and sample collection. Cell lysate was fractionated by SDS-10% polyacrylamide gel electrophoresis and transferred to PVDF membranes (Amersham). After blocking with recommended blocking reagents for 1h at the room temperature, the membranes were incubated overnight at 4°C with different antibodies, and then these membranes were incubated with 1:5000-1:10000 secondary antibodies conjugated with HRP. Signals were detected by using the Amersham ECL chemiluminescence system.
Analysis of cell viability
The 3-(4, 5-dimethylthiazal-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay was used to estimate cell viability [12, 13] . Briefly, cells were plated at a density of 1×10 4 cells per well in 96-well plates. After exposure to specific treatment, the cells were incubated with MTT at a final concentration of 0.5 mg/ml for 3 h at 37°C. After the removal of the medium, 100 mM DMSO solutions were added to dissolve the formazan crystals. The absorbance at 570 nm wavelength was detected using a microplate reader (Synergy 4 Hybrid Multi-Mode; BioTek Instruments).
Detection of apoptosis percentage and caspase 3/7 activity
Apoptosis was induced by hypoxia treatment. Cells were stained with DAPI and the apoptotic nuclei were counted under a fluorescence microscope (500 cells were counted for each experiment). Caspase 3/7 activity was assayed by Promega kit according to the manufacturer's protocol. Caspase-Glo 3/7 Reagent (Promega) was added to each well in a 1:1 ratio following manufacturer's instructions. After 10 min on a plate shaker at room temperature, 90% of the lysate volume was transferred to a 96-well solid-white plate. Cell lysates were analyzed by using a microplate reader (Synergy 4 Hybrid Multi-Mode; BioTek Instruments), and data points were blank subtracted. Assays were performed in triplicate and are reported as mean ± S.E.M. [14, 15] .
Subcellular fractionation
Mitochondrial and cytosol cellular fractions were prepared using a Cytosol/Mitochondria Fractionation kit (Cabiochem). H9c2 cells were harvested by centrifugation at 1,000 g for 10 min at 4°C and washed twice with cold PBS. Afterward, H9c2 cells were resuspended in 250 μl Cytosol Extraction buffer containing a protease inhibitor cocktail and 1 mM dithiothreitol (DTT). After incubation on ice for 10 min, H9c2 cells were homogenized on ice using a dounce tissue homogenizer. Homogenized cells were centrifuged at 1,000 g for 15 min at 4°C, and supernatants were collected. Supernatants were then centrifuged again at 10,000 g for 30 min at 4°C. The resulting supernatants were harvested and designated as cytosolic fractions and the pellets were resuspended in 50 μl Mitochondria Extraction buffer containing a protease inhibitor cocktail and 1 mM DTT and designated as mitochondrial fractions. All fractions were stored at −80°C until use.
Statistical analysis
All values were expressed as the mean ± S.E.M. Comparisons between 2 groups were conducted by using one-way analysis of variance. Post hoc analysis was performed by Fisher's protected least significant difference test. P <0.05 were considered significant.
Result
Aberrant SIRT4 expression in hypoxia-induced apoptosis in H9c2 cell
To detect the expression pattern of SIRT4 in hypoxia-induced apoptosis in H9c2 cell, we employed RT-PCR method to compare the expression difference of SIRT4 mRNA between the hypoxia-treated group and the matched normal group. As shown in Fig. 1A , the expression of SIRT4 mRNA appeared to be markedly down-regulated in the hypoxia-treated group compared to the matched normal group. Meanwhile, western blot analysis revealed that the expression of SIRT4 level was markedly down-regulated in hypoxia-treated group at protein Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry level (Fig. 1B) . Hence, these results indicated that the expression of SIRT4 was repressed during hypoxia-induced apoptosis in a time-dependent manner.
SIRT4 interference affects hypoxia-induced apoptosis in H9c2 cells
To determine the role of SIRT4 in hypoxia-induced apoptosis in H9c2 cells, we conducted SIRT4 over-expression or SIRT4 knockdown experiment to alter SIRT4 level. Western blots analysis showed that SIRT4 level was effectively down-regulated by the transfection of SIRT4 siRNA, and significantly enhanced by SIRT4 overexpression (Fig. 2A) . Compared with the control group, SIRT4 overexpression could significantly increase H9c2 cell viability, and significantly decrease the percentage of apoptotic cells and the activity of caspase-3/7 in response to hypoxia treatment. By contrast, SIRT4 knockdown via treatment with SIRT4 siRNA exhibited the opposite phenotype (Fig. 2B-D) . Taken together, these results suggest that SIRT4 plays a protective role in hypoxia-induced apoptosis in H9c2 cells.
Effect of SIRT4 interference on caspase expression during hypoxia-induced apoptosis
The mitochondria act at the core of the apoptotic pathway by providing many important factors that induce caspase activation and chromosome fragmentation. Released cytochrome c, Apaf1, and procaspase-9 from the mitochondria interact with each other to form the apoptosome that drives the activation of caspase 3 [16] . Thus, we detected the expression of caspase 3 and caspase-9 due to their crucial role in regulating apoptotic process. We found that hypoxia treatment resulted in a significant increase in the amount of the cleaved caspase 3 or caspase 9. Further, SIRT4 silencing treatment could further increase the amount of cleaved caspase 3 or caspase 9. By contrast, SIRT4 overexpression significantly reduced the amount of cleaved caspases 3 and 9 caused by hypoxia treatment (Fig. 3A and 3B) . Thus, these evidences suggest that SIRT4 could exert its regulatory effect on H9c2 cell apoptosis through regulating the ratio of pro-caspase 9/caspase 9 and pro-caspase 3/caspase 3. 
Discussion
Apoptosis plays a critical role in the pathogenesis of many cardiovascular diseases including atherosclerosis, myocardial ischemia and reperfusion injury, diabetic cardiomyopathy, and chronic heart failure [19] . A variety of key events in apoptosis is tightly associated with mitochondria, including the release of caspase activators (such as cytochrome c), alteration in electron transport, loss of mitochondrial transmembrane potential, and participation of pro-and anti-apoptotic Bcl-2 family proteins [20] . These different signals converge on mitochondria, and eventually change the development of cellar apoptosis. Here, we identified a novel mitochondrial regulator of apoptosis, SIRT4, which plays a key role in hypoxia-induced apoptosis in H9c2 cardiomyoblast cells.
Mitochondria is involved in apoptosis by the activation of mitochondrial outer membrane permeabilization [21] . Outer membrane permeabilization leads to caspase activation. Caspases are a family of aspartate-specific cysteine proteases responsible for the biochemical and morphological changes that occur during the execution phase of apoptosis [22] . Caspase-9 is the apical caspase mitochondrial apoptosis pathways. It can directly processes and activates the effector caspase, caspase-3, which is a major effector caspase responsible for the cleavage of cellular substrates during apoptosis [23] . Here, we found that hypoxia treatment results in a significant increase in cleaved caspase 3 or caspase 9. SIRT4 interference could significantly change the amount of the cleaved and the full length caspase 3/9. These results suggest that SIRT4 could regulate the ratio of pro-caspase 9/caspase 9 and pro-caspase 3/caspase 3, which in turn affect the development of H9c2 cell apoptosis.
The subcellular localization and translocation of Bcl-2 family members are the key players in the process of cellular apoptosis [24] . Bax has been found in the cytoplasm or loosely attached to mitochondria as a monomeric protein under normal conditions [21, 25] . Upon apoptotic stimulation, Bax undergoes a conformational change and translocates to mitochondria via the mitochondrial targeting sequence at the C terminus. A number of proteins have been proposed to bind to and regulate Bax translocation. Truncated Bid (tBid) , PUMA and some non-Bcl-2 family proteins, such as Bif-1 and p53, have been found to important regulators of Bax translocation [15, 26] . In this study, we found that SIRT4 could affect Bax translocation. Upon hypoxia stimulus, there is a significant increase in the level of mitochondrial Bax. SIRT4 level could significantly affect the degree of mitochondrial Bax protein, suggesting that Bax translocation is critical step in the development of SIRT4-mediated cellular apoptosis.
In summary, SIRT4, a mitochondrial sirtuin, is identified as an important regulator of cellular apoptosis. Its expression is markedly reduced in hypoxia-induced apoptosis in H9c2 cardiomyoblast cells. SIRT4 interference could significantly alter H9c2 cell viability, and affect the apoptotic cell number and caspase-3/7 activity. Furthermore, SIRT4 expression could affect the ratio of pro-caspase 9/caspase 9 or pro-caspase 3/caspase 3, and change Bax translocation, which in turn alter the development of H9c2 cell apoptosis. Thus, Sirt4 acts as an important regulator of H9c2 cell apoptosis. SIRT4 intervene would provide a novel strategy for the treatment of cardiovascular disease caused by hypoxia-induced apoptosis.
